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ScienceDirectThe availability of nitrogen is one of the major limiting factors to
crop growth. In the developed world, farmers use
unsustainable levels of inorganic fertilisers to promote crop
production. In contrast, in the developing world inorganic
fertilisers are often not available and small-holder farmers suffer
the resultant poor yields. Finding alternatives to inorganic
fertilisers is critical for sustainable and secure food production.
Bacteria and Archaea have evolved the capability to fix
atmospheric nitrogen to ammonia, a form readily usable in
biological processes. This capability presents an opportunity to
improve the nutrition of crop plants, through the introduction
into cereal crops of either the nitrogen fixing bacteria or the
nitrogenase enzyme responsible for nitrogen fixation. While
both approaches are challenging, recent advances have laid
the groundwork to initiate these biotechnological solutions to
the nitrogen problem.
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Nutrient cycles drive agricultural productivity, with
inputs of nitrogen and phosphorus playing critical roles
in maintaining crop yields. The global impact on these
biogeochemical cycles is varied, with many farmers in
developing nations lacking the means to replenish essen-
tial elements leading to nutrient imbalances with resul-
tant declines in soil fertility and associated declines in
productivity [1,2]. In contrast application of chemical
fertilisers in developed nations has maintained high crop
yields, but has led to nutrient surpluses with associated
eutrophication of aquatic systems and atmospheric pol-
lution [3]. Too much or too little access to these nutrients
creates intransigent problems: cycles of poverty for
Open access under CC BY license.www.sciencedirect.com smallholder farmers in developing nations and environ-
mental pollution in developed nations.
While nitrogen limitations are common in agriculture, it is
not a rare element, with atmospheric N2 accounting for
78% of the air. However, because of the stability of the
triple bond between the two nitrogen atoms, N2 is inac-
cessible to eukaryotes since only bacteria and archaea
have evolved the capability to use N2 via the enzyme
nitrogenase. This enzyme converts gaseous N2 to ammo-
nia and is dependent on high levels of ATP and reductant
[4,5]. Since nitrogenase is irreversibly inactivated by ox-
ygen, its existence in aerobic organisms requires oxygen
protective mechanisms [4,5]. Biological nitrogen fixation,
catalysed by the enzyme nitrogenase, provides the pre-
dominant natural source of fixed nitrogen available to
plants within the nitrogen cycle.
Food price spikes in the last 5 years underline the
fragility of our food production systems [6] and this
has motivated new drives to find scientific and techno-
logical solutions for global food security and in particular
the nitrogen problem [7]. In this review we focus on two
potential approaches: engineering cereals with the capa-
bility to associate with nitrogen-fixing bacteria and
engineering the nitrogenase enzyme to function in plant
cells.
Engineering the legume symbiosis into
cereals
A number of species of plants, most notably legumes,
facilitate colonisation by nitrogen-fixing rhizobial bacteria
and form specialised organs, nodules (Figure 1), to both
accommodate the bacteria and to produce a suitable
oxygen-limited environment for nitrogen fixation. Fol-
lowing plant release of flavonoids, rhizobial bacteria acti-
vate production of the signalling molecule Nod factor that
initiates the plant processes necessary for the symbiosis
[8]. Genetic dissection has revealed the Nod factor sig-
nalling pathway in legumes [9] and this pathway is also
associated with the establishment of a second symbiotic
association, that between plants and arbuscular mycor-
rhizal fungi [10]. While the nitrogen-fixing symbiosis is
predominantly restricted to legumes, the mycorrhizal
association is ubiquitous within the plant kingdom and
the signalling pathway defined in legumes has been
shown to function during mycorrhizal colonisation in
other plant species, including rice [11,12]. The parallels
between mycorrhizal and rhizobial signalling extends also
to the structure of the signalling molecules produced by
mycorrhizal fungi and rhizobial bacteria, both being lipo-
chitooligosaccharides [13].Current Opinion in Biotechnology 2014, 26:19–24
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Nodulation and bacterial infection in legumes. (a) Nodules on roots of
Medicago truncatula. Bacteria reside inside the cells of the nodule and
the pink colouration of the nodules is the result of leghaemoglobin, a
protein that regulates oxygen levels to facilitate nitrogenase activity. (b)
An infection thread in a root hair of Medicago truncatula. Bacteria inside
the infection thread are stained blue. The infection thread provides a
conduit for internal colonisation of the root by the rhizobial bacteria. (c)
An alternative infection strategy occurs in Sesbania rostrata, in which
bacteria colonise cracks in the root epidermis and initiate the formation
of infection pockets (indicated with *), that result from programmed cell
death around the site of bacterial infection. The nodule primoridia
initiates around the infection pocket and infection threads that initiate at
the infection pocket allow bacterial colonisation of the developing
nodule.The fact that cereals possess the symbiosis signalling
pathway provides an opportunity to engineer this signal-
ling pathway for recognition of rhizobia by cereal crops.
Such an approach must focus on the legume-specific
components that sit upstream and downstream of the
symbiosis signalling pathway and allow this signalling
pathway in legumes to be activated by Nod factor and
to coordinate nodulation. Recognition of Nod factor
involves two receptor-like kinases that specifically func-
tion during nodulation [14–17] (Figure 2) and show direct
Nod factor binding [18]. While these receptors appear to
have no role during mycorrhization, based on their
legume mutant phenotypes [9], at least one, NFP, is
required for all responses to lipochitooligosaccharides
produced by mycorrhizal fungi [13] and the homolog
of this gene in the non-legume Parasponia is required
during mycorrhizal colonisation [19]. This suggests that
this Nod factor receptor may function during mycorrhizalCurrent Opinion in Biotechnology 2014, 26:19–24 colonisation and it will be important to clarify the role of
homologs of this receptor in cereals.
Downstream or parallel to the common symbiosis signal-
ling pathway are a suite of transcription factors that
coordinate the processes of nodule initiation and bac-
terial infection [20]. Two GRAS-domain transcription
factors, NSP1 and NSP2, were previously thought to
have nodulation specific roles [21,22]. However, recent
work has revealed that both play some role during mycor-
rhizal colonisation [13,23,24], but the mycorrhizal phe-
notypes of nsp1 and nsp2 mutants are extremely weak,
and only observed with stringent inoculums and at early
time points [13,23]. These mycorrhizal defects may be
associated with the activation of strigolactone biosyn-
thesis by NSP1 and NSP2, in both legumes and in rice
[25]. NSP1 and NSP2 function in a complex and are
sufficient to activate the ERF-transcription factor ERN1
[26], which is required to initiate bacterial infection [27]
and is both necessary and sufficient to coordinate expres-
sion from the ‘Nod factor box’ [28] (Figure 2). A fourth
transcription factor NIN is induced by the symbiosis
signalling pathway and this too activates additional tran-
scription factors, namely NF-YA and NF-YB [29], that
are associated with the nodule meristem [30] (Figure 2).
Constitutive expression of NIN induces nodule-like
structures, while constitutive expression of NF-YA and
NF-YB induces lateral root-like structures [29]. NIN,
NSP1 and NSP2 appear to play roles both in the root
epidermis in response to Nod factor signalling and in the
root cortex in response to nodulation-associated cytoki-
nin signalling [20]. Whether these transcription factors
coordinate different gene sets in the different tissues
remains to be resolved.
The Nod factor receptors and nodulation-associated
transcription factors are important targets for engineer-
ing the legume symbiosis in cereals. However, the
recent emergence of alternative functions for these
proteins beyond simply activation of nodulation needs
clarification and in particular their roles in cereals are
important if we are to utilise these components to
initiate nodulation in cereal crops. While engineering
Nod factor signalling in cereals is an important first step,
the appropriate processes necessary for nodule organo-
genesis, bacterial infection and ultimately providing a
suitable environment for nitrogenase function are all
important [31]. Further work in legumes is necessary to
elucidate these processes, although useful targets
already exist for engineering these later steps into
cereals [31].
Engineering expression of nitrogenase in
cereal crops
An alternative approach to engineer nitrogen fixation in
cereals, namely the introduction of nitrogenase into plant
cells, also necessitates the engineering of a suitablewww.sciencedirect.com
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The transcriptional networks of Medicago truncatula associated with nodulation. (a) The transcriptional network in root epidermal cells which leads to
bacterial infection. Nod factor is recognised by the Nod factor receptors and this leads to activation of symbiosis signalling. Outputs from the
symbiosis signalling pathway lead to gene induction including the expression of the transcription factors NIN and ERN1. These in turn regulate gene
expression associated with bacterial infection (NFB: Nod factor box). (b) The transcriptional network in root cortical cells which leads to nodule
organogenesis. Cytokinin signalling through CRE1 is vital for initiation of nodulation and this is associated with the induction of NIN and NSP2 in the
root cortex. These in turn induce other transcription factors such as NFY-A and NFY-B that are associated with organogenesis.environment for nitrogen fixation. Nitrogenase is a com-
plex enzyme consisting of two proteins: the reductase
component, known as the Fe protein and the catalytic
component termed the MoFe protein [4,5] (Figure 3).
Both of these components are irreversibly damaged by
oxygen and the catalytic process requires 16 moles of
ATP for every mol of dinitrogen gas that is converted to 2
moles of ammonia. This energy expenditure is associated
with the electron transfer process necessary for substrate
reduction. Nitrogenase contains three metalloclusters;
one of these located within the MoFe protein, termed
FeMo-co, is one of the most complex heterometal clusters
known in biology [32,33]. FeMo-co provides the catalytic
site for nitrogen reduction and contains molybdenum,
iron, sulphur, a central carbon atom and homocitrate as an
organic moiety [Mo Fe7 S9 C-homocitrate]. The remain-
ing two metalloclusters comprise a [4Fe-4S] cluster in the
Fe protein and the P cluster, a [8Fe-7S] cluster located in
the MoFe protein (Figure 3). These two clusters provide
an electron transfer conduit from the Fe protein via the P
cluster to the FeMo-co catalytic site [34]. In view of this
biochemical complexity, it is perhaps not surprising that a
large number of nif genes are required for the assembly
and function of nitrogenase (18 in Klebsiella oxytoca,
excluding regulatory genes, Figure 3).
At first sight, the stringent physiological requirements for
biological nitrogen fixation, particularly protecting nitro-
genase from oxygen, pose significant obstacles whenwww.sciencedirect.com considering the engineering of nif genes into plants. How-
ever, in the cyanobacteria, nature has been able to reconcile
the seemingly incompatible processes of nitrogen fixation
and oxygenic photosynthesis, either through spatial or
temporal separation [35]. It is also noteworthy that many
algae and gymnosperms express nitrogenase-like proteins
encoded in the chloroplast genome. These catalyse pro-
tochlorophyllide reduction and perform the last step of
chlorophyll biosynthesis in the dark [36]. Like nitrogenase,
the dark-dependent protochlorophyllide reductase
(DPOR) consists of two oxygen-sensitive component
proteins that are highly similar in structure to the Fe
and MoFe components of nitrogenase [37,38]. As in
the case of nitrogenase, electron transfer between the
protein components is driven by ATP hydrolysis to
provide electrons for substrate reduction. Although the
substrate for DPOR, protochlorophyllide, is much larger
than diatomic nitrogen, the spatial arrangement of metal
centres is very similar in both enzymes, demonstrating a
similar routing of electrons from the reductase component
to the catalytic centre in each case. Since DPOR is oxygen-
sensitive [39], it would appear that plants expressing this
enzyme have evolved a mechanism to protect it from
oxygen in the dark, perhaps analogous to the temporal
separation of nitrogen fixation and photosynthesis that
occurs in unicellular cyanobacteria. This bodes well for
the potential engineering of nitrogen fixation in plant
plastids, particularly if the mechanism whereby DPOR
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Nitrogenase structure and genes required for its biosynthesis. (a) The nitrogen fixation (nif) gene cluster from Klebsiella oxytoca (formerly K.
pneumoniae). The nitrogenase structural genes (nifH, nifD and nifK) are coloured according to the crystal structure shown in (b). Remaining genes are
colour-coded according to their functions: dark red, Fe protein maturation (nifM); light blue, FeMoco biosynthesis (nifY, nifE, nifN, nifX, nifV, nifB, nifQ);
yellow, Fe–S cluster biosynthesis (nifU, nifS, nifZ); green, electron transport (nifJ, nifF); orange, transcriptional regulation (nifL, nifA); grey, unknown
function (nifT, nifW). (b) Structure of the nitrogenase enzyme complex (PDB code 1n2c) showing the MoFe and Fe protein components, with the three
metalloclusters revealed on the left-half of the complex (abbreviated as F, [4Fe4S]; P, P cluster and M, FeMo-co, respectively). ATP hydrolysis by the
Fe protein, the route of electron transfer to the catalytic site and the enzyme reaction are also illustrated on the left half of the structure. (c) Structures of
the three metalloclusters in nitrogenase. Genes required for the biosynthesis of each cluster are illustrated below.Another potential location for nitrogenase in cereal crops
is mitochondria, which have a large respiratory potential,
generating ATP and reductant and ensuring oxygen
removal. This is perhaps analogous to the respiratory
protection provided by aerobic diazotrophs such as Azo-
tobacter vinelandii [40]. Mitochondria also provide a major
location for iron-sulfur cluster biosynthesis in plants,
which could be potentially utilised for nitrogenase metal-
locluster biosynthesis, as the mitochondrial ISC Fe–S
cluster machinery is biochemically equivalent to the
NifUS system found in diazotrophs [41]. As in the case
of plastids, glutamine synthetase is targeted to mitochon-
dria and is utilised in this organelle to remove the ammo-
nia produced by photorespiration [42]. There is,
therefore, potential to redeploy this enzyme to assimilate
ammonia produced by nitrogenase.
The complex nature of the FeMoco assembly pathway
and the large number of genes required for nitrogenase
biosynthesis and maintenance of its activity represent a
daunting engineering task, even in the age of systems
biology. For example, although synthetic approaches to
remove complex regulatory circuits have been successful
[43], complete recoding of the K. oxytoca nif genes andCurrent Opinion in Biotechnology 2014, 26:19–24 refactoring the cluster as a series of synthetic operons,
resulted in reduced activity (10%) compared with the
native system [44]. Although the functions of many nif
genes have been defined at the biochemical level, it is
difficult to define the precise number of genes that may
be required to support nitrogenase activity in mitochon-
dria or plastids. Although a common core of 6 genes,
comprising structural and biosynthetic components, are
present in the genomes of most diazotrophs, the comp-
lement of nif genes varies considerably amongst a broad
phylogenetic range of nitrogen-fixing species [45]. This
variability in nif gene content is probably a reflection of
the varied physiological lifestyles of diazotrophs, but may
also imply that minimal nif gene sets are complemented
by housekeeping counterparts located elsewhere in the
genome. The diverse repertoire of nif gene content
undoubtedly provides an extensive synthetic biology
parts set for optimising and engineering nitrogen fixation.
Stable expression of Nif proteins in plant chloroplasts or
mitochondria could be achieved by targeting nuclear-
encoded polypeptides to these organelles. Alternatively,
chloroplast transformation could be considered, which
would have potential for the expression of polycistronicwww.sciencedirect.com
Engineering nitrogen fixation Oldroyd and Dixon 23nif operons. Advances in our understanding of nitrogen-
ase mechanism and metallocluster biosynthesis have
enabled biochemical analysis of every step in the assem-
bly pathway such that the function of each individual nif
gene product can be assayed in plants on a systematic
step-by-step basis [32,33]. Hence we have now reached
the stage whereby it is possible to assess the activity of
each Nif protein expressed in plants and determine
whether there are any roadblocks towards the assembly
and function of nitrogenase in plant organelles.
Conclusions
Addressing nutrient supply is critical for sustainable
crop production and research over the last few years has
outlined opportunities for biotechnological approaches to
supply nitrogen to crop plants. Both the engineering of the
legume symbiosis into cereals and the introduction of
nitrogenase are complex engineering problems, but both
have the potential to radically change the way we grow our
crop plants. The complexity of these engineering strat-
egies is their greatest obstacle and due to this it is unlikely
that either will be able to deliver genuine solutions for
some years to come, perhaps as long as 20 years. However,
this presumes that maximal nitrogen fixation is required
and in some instances, even a small increase in available
nitrogen would be beneficial. This is particularly true for
many small-holder farmers in the developing world that
tend to grow crops in very low nutrient conditions. It is
possible that either of these engineering approaches could
deliver lower levels of nitrogen fixation within a shorter
time-frame. The foundations of our knowledge are in place
to initiate both strategies and indeed work is already
underway. No doubt both approaches will have their
challenges, but we must be careful not to allow fear of
the complexity of these systems to limit our approach in
tackling the nitrogen problem.
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